Computational Details
All the DFT calculations were carried out with a periodic slab model using the Vienna ab initio simulation program (VASP) 1-4 . The generalized gradient approximation (GGA) was used with Perdew-Burke-Ernzerhof (PBE) 5 exchangecorrelation functional. Projector-augmented wave (PAW) method 6, 7 was utilized to describe the electron-ion interactions and the plane-wave basis expansion cut-off was set to 450 eV. 4×4×1 and 3×3×1 Monkhorst-Pack k-point mesh samplings were used for Brillouin zone integrations of the Pt(111)-p(2×2) and Pt(111)-p(3×3) alloy surfaces, respectively. All the adsorption geometries were optimized using a force-based conjugate gradient algorithm. 4-layer models were used for both the Pt(111)-p(2×2) and Pt(111)-p(3×3) alloy surface with 2 lower layers fixed and 2 upper layers relaxed.
A ~10Å vacuum region was placed on all the models mentioned above.
Micro-kinetic modelling
For the microkinetic model of CO oxidation, the reactions, temperature and pressure were chosen according to those in the work of Nørskov and co-workers 8 . The hightemperature conditions (T=600K, P O2 =0.33 bar and P CO =0.67 bar) were used and the following reactions were considered:
The steps of O 2 adsorption and O 2 dissociation were combined and the adsorption state of O 2 was not explicitly considered in this work due to two reasons: Firstly, there has been strong evidence in the literature that the step of O 2 is kinetically not important 9 .
We also carried out the micro-kinetic modelling with/without O 2 adsorption explicitly for CO oxidation on Pt(111). It was found that the reaction rate difference of these two modelling calculations is 610 -6 s -1 . Therefore, the effect of O 2 * is not significant on Pt(111) and catalysts with similar O 2 adsorption. Secondly, in our design strategy, we considered a great number of catalysts. Adding one more species will make the design process much more complicated. In our future work, the adsorption energies of O 2 , the adsorbate-adsorbate interaction, and higher level calculation methods will be implemented to get more accurate results.
In this work, some standard formulas of statistical mechanics were chosen to take the entropy of surface species into account. Namely, the zero-point energy (ZPE), entropy, thermal energy and enthalpy were calculated from partition functions at 600 K. The thermodynamic corrections of gas-phase species were evaluated using Shomate equation. The microkinetic models were solved using self-consistent mean field approach. Steady-state solutions of microkinetic model were found using a multidimensional Newton's method algorithm. The numerical 3-D volcano diagram are obtained using the scaling relations 10, 11 between the adsorption energies of CO and O and the adsorption energies of all the other species and energies of transition states.
These methods are all implemented in the CatMAP 12-14 code developed in Nørskov's group.
Optimal adsorption energies
We calculated the optimal adsorption energies of CO and O based on Brønsted-Evans-Polanyi (BEP) relation and micro-kinetic modelling. As shown in Figure S1 relation [15] [16] [17] [18] [19] . Based on these BEP relations, the volcano diagram of CO oxidation on close-packed plane surfaces can be obtained, as shown in Figure 2 , which is similar to the volcano diagram of CO oxidation reported by Nørskov and co-workers 8 . It can be found that Pt(111) is located on the left side of the volcano diagram, suggesting that the adsorption energy of CO on Pt(111) is too strong. It is worth mentioning that DFT calculations tend to overestimate the adsorption energy of CO on Pt(111), and several methods were proposed to get the accurate adsorption energy, such as singlet-triplet correction 20 and random phase approximation calculation 21 . However, even with the singlet-triplet correction, the adsorption of CO on Pt(111) was also found too strong on the volcano diagram reported by Nørskov and co-workers 8 . Therefore, in this work, no correction was introduced for the CO adsorption to keep all the design results consistent. Using micro-kinetic modelling, the overall rate of CO oxidation on Pt (111) was calculated to be 0.28 s -1 . Furthermore, the peak of the volcano diagram is located at (0.56 eV, 0.05 eV) with respect to the adsorption energy position of Pt(111) (i.e. assuming the adsorption energies of Pt(111) at (0, 0)), where the overall rates should be of the order of magnitude of 10 5 s -1 .
Errors of Prediction adsorption energies
Comparing to these calculated adsorption energies, the predictions of CO adsorption energies are very accurate with an average error of 0.11 eV, while the predicted energies of oxygen atoms are not good with an average error of 0.39 eV.
Interestingly, most predicted adsorption energies of oxygen atoms in Table S1 are reasonable, namely for the structures from 1 to 42, the average error is just 0.13 eV, while for the rest structures, the predicted adsorption energies are dramatically different from the calculated energies. By checking the structures of these surfaces, we found that all the substitutions of these structures are taken place on surface atoms, while the subsurface atoms remain unchanged. Furthermore, all these surfaces contain three of four solute metals, suggesting that the surface atoms of these structures are almost all replaced. For these structure systems, the strain effect may be dramatic, which is not considered in our bonding contribution equation. Thus, the strain effect may lead to the inaccurate predictions for these systems. If these surfaces were not considered, our bonding contribution equation gives reasonable prediction adsorption energies for most surfaces, using which many catalyst candidates were designed with adsorption energies near the peak of the volcano diagram.
Circumventing the BEP relations
The energies of transition states in Table 2 suggest that the traditional theoretical catalysis framework of BEP relation may be not applied in some alloy systems. In order to understand the reason for these adsorption energy differences, we compared the structures of catalyst A (Figure 3(b) ) and catalyst B (Figure 3(a) ). In general, these two structures are quite similar with the same surface structure and alike subsurface structure, and one obvious difference is that catalyst B contains Re. Based on the bonding contribution equation, the aforementioned results can be explained as follows:
Re is very active, and has much higher contribution on the adsorption properties of nearby atoms than any other metals. The presence of Re in catalyst B may lead to the distinct adsorption properties of different sites. Thus, on this type of surfaces with inhomogeneous adsorption property, it is not suitable to predict the energy of transition state with only the adsorption energy of one site, i.e. the energy of transition state may not follow BEP relation on this surface. 
